Side-stream EBPR process (S2EBPR) is a new alternative to address the common challenges in 13 EBPR related to weak wastewater influent and to improve EBPR process stability. A systematic 14 evaluation and comparison of the process performance and microbial community structure 15 between four S2EBPR with conventional EBPR configurations in US was conducted. The 16 statistical analysis suggested higher performance stability in S2EBPR than the conventional 17 EBPRs, although possible bias is recognized due to variations in the target permit levels and 18 plant-specific factors among the plants. Total and known PAOs and GAOs abundance and 19 identities were investigated with FISH, DAPI, 16S rRNA gene sequencing and Raman 20 microspectroscopy. The results suggested comparable relative PAO and Candidatus 21 Accumulibacter abundances in S2EBPR and conventional EBPR systems. Tetrasphaera, a 22 putative PAO, was also found at similar abundance in S2EBPR as in conventional facilities, 23 whereas the relative abundance of known GAOs was lower in S2EBPR than those typically seen 24 at conventional EBPRs. Microbial community analyses via 16S rRNA gene amplicon sequencing 25 revealed differences in the community phylogenetic fingerprints between S2EBPR and 26 conventional plants. Shannon and Inverse Simpson indices, which are combined measures of 27 Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted:
INTRODUCTION 33
The increasingly stringent nutrient permit limits at water resource recovery facilities (WRRFs) 34 demands for more efficient and stable phosphorus removal and recovery technologies. Although 35 enhanced biological phosphorus removal (EBPR) process is considered a potentially efficient 36 process with economic and environmental advantages compared to traditional chemical 37 phosphorus removal, the benefits are often offset, in practice, by the needs to have standby 38 chemicals for achieving reliable and consistent performance. and GAOs include influent COD (chemical oxygen demand) to bio-available P ratio, solids 50 studies that compared the EBPR activities, rates and microbial populations between S2EBPR and 74 conventional EBPR plants suggested observable differences between the two configurations 75 (Lanham et al. 2013a , Mielczarek et al. 2013 , Stokholm-Bjerregaard et al. 2017 ). Lanham and 76 colleagues (2013a) compared two S2EBPR with 3 conventional systems and observed that 77
S2EBPRs exhibited a higher level of glycolysis activity and more efficient biological P removal 78 than conventional. In addition, a S2EBPR facilities had a slightly higher abundance of 79
Tetrasphaera and Candidatus (Ca.) Accumulibacter phosphatis (hereafter referred to as 80 Accumulibacter) and a lower abundance of GAOs the based-on fluorescence in situ hybridization 81 (FISH) data (Mielczarek et al. 2013 While the full-scale processes demonstrated the potential promises and advantages of S2EBPR, 86 the existing knowledge gap in fundamental understanding of the biochemical mechanisms and 87 microbial ecology involved in S2EBPR hampers its wider application and implementation. This 88 technology is not yet widely applied in US, with only few plants currently in operation. A 89 systematic evaluation and comparison of the process performance and microbial community 90 structure between S2EBPR with conventional EBPR configurations in US has not been reported. 91
The objectives of this study are to: 1) Provide an updated, comprehensive review of the current 92 status of S2EBPR, with focus on operation, performance and microbial ecology findings from 93 previous studies; 2) Conduct a survey to evaluate removal efficiency and reliability of four 94 S2EBPR systems and compare with conventional EBPR systems in US; 3) Investigate and 95 compare the process rates, kinetics and microbial community structures between S2EBPR 96 systems and conventional EBPR processes. 97
METHODOLOGY 98
A comprehensive review of previous studies on S2EBPR facilities was conducted and, influent 99 characteristics, operation conditions and performances, when available, were summarized and 100 compared. In addition, a survey study was performed by evaluating the four S2EBPR facilities in 101 full-scale operation in US, representing four variations of S2EBPR configurations (Figure 1) : 102 side-stream RAS fermentation (SSR) at the South Cary Facility, in Apex, North Carolina, side-103 stream RAS fermentation with supplemental carbon addition (SSRC) at the Westside Regional 104 facility, in West Kelowna, British Columbia, side-stream mixed liquor suspended solids (MLSS) 105 fermentation (SSM) at the Cedar Creek facility in Olathe, Kansas, and unmixed in-line MLSS 106 fermentation (UMIF) at the Kurt R. Segler Water Reclamation Facility, herein referred as 107 Henderson (Henderson, Nevada). 108
S2EBPR survey: data collection and analysis 109
For this study, information over a three-year period for each of the S2EBPR plants were 110 collected, including influent and effluent characteristics, plant process configurations, and 111 operational details and performance monitoring data. Average, arithmetic mean and standard 112 deviation were assessed. For effluent phosphorus, additional analysis and statistical evaluation 113 were performed for the full data set including the arithmetic average (mean), geometric mean, 114 standard deviation, skew, minimum, and maximum. To better assess reliability and variability, 115 effluent P concentration values were plotted against probability according to the approach 116 proposed by previous studies (Neethling et al. 2006; Neethling et al. 2009 ). To calculate the 117 probabilities of various effluent P levels, the raw data were ranked, and the Weibull probability 118 was calculated according to: P=rank/(n+1), where P is the probability and n is the number of data 119 points in the data set. 120
Samples of activated sludge from the aerobic zone were also collected, over the period 2016-121 2017 and subjected to phosphorus uptake and release testing and microbial population analysis at 122 the four S2EBPR facilities. Three conventional EBPR facilities (Kalispell, MT, Rock Creek, OR 123 and Upper Black Stone, MA) were evaluated for comparison. In addition, performance 124 information on EBPR plants in US from previous studies (Neethling et al. 2006 , Gu et al. 2008 He et al. 2008) were also included in this survey study. 126
P-release and P-uptake batch tests 127
To evaluate EBPR activity, P release and uptake kinetics tests were conducted on the collected 128 activated sludge samples in accordance with previously described protocols (Gu et al. 2008) . 129 (Lanham et al. 2012 Petersen, 2002) , an 192 improvement in P removal can be realized by diverting a relatively small proportion of RAS (4-193 30%) to a side-stream reactor for a period between 16-48 hours. In a study that focused on 194 population dynamics of 28 full-scale WRRFs in Denmark, the authors reported (Mielczarek et al. 195 2013) that S2EBPR facilities that did not utilize an external carbon source or chemical P removal 196 were able to achieve average effluent TP concentrations of less than 0.25 mg P/L, independent of 197 influent COD/P ratio and PO4-P release rates, although limited operating and performance data 198 were provided, in this study. For all these facilities, typically, 20 to 30% of the return activated 199 sludge entered the side-stream tank, whereas the other portion was returned to the denitrification 200 tank. The HRTs in these anaerobic tanks were all within 12 to 48 hours. 201 found to be one of the lowest among the investigated facilities (0.1 mg/L) despite having the 211 lowest influent VFA/P and BOD/P ratios and lowest Accumulibacter percentage (5.7%). 212 Furthermore, the microbial population results showed that the plant had the lowest Ca. 213
Side-stream RAS plus carbon (SSRC). The
Competibacter percentage (<0.4%) and the highest overall Accumulibacter/Ca. Competibacter 214 ratio. 215
In a full-scale pilot study, the Robert W. Hite Facility (Denver, CO) was operated in a modified 216 SSRC process where approximately 25-30% of the RAS was diverted to a side-stream anaerobic 217 reactor and blended with primary sludge fermentate (Carson, 2012). The HRT of the side-stream 218 reactor was 1.1-1.3 hours during the pilot study and the average secondary effluent PO4-P 219 concentration was found to be < 0.2 mg P/L (Carson, 2012). The review of previous studies conducted on S2EBPR facilities indicates improved performance 255 at full scale and pilot plants that have implemented S2EBPR, although the detailed design, 256 operational and performance data available is limited or incomplete. A long-term survey of 257 S2EBPR and Conventional EBPR facilities along with consideration of design, operation and 258 kinetic activities could lead to insights into key parameters influencing performance and the 259 microbial ecology of EBPR systems. 260
S2EBPR Performance Evaluation and Comparison with Conventional EBPRs in US 261
A systematic evaluation of EBPR facilities in the US was conducted with 4 S2EBPR facilities 262
and conventional EBPR facilities. The average secondary effluent water quality based on 263 operating data collected from 2014-2016 for the four S2EBPR plants are summarized in Table 2 , 264
while Figure 2 shows the probability plots. It should be noted that each of the facilities has 265 different permit limits and operational goals, making it difficult to compare process reliability 266 among these facilities. Figure 2 . Table 3 shows the frequency with which the facilities achieved 267 secondary effluent phosphorus concentrations of 0.5, 1.0, 1.5, and 2.0 mg P/L based on routine 268 operating data over a three-year period. In addition, a range of percentile statistics were 269 calculated from the raw data set including the 3.84, 50 (median value), 90, 95 and 99 percentiles 270 of the probability that a given value is less than or equal to the stated concentration. 271
Compared to the previously reported EBPR performance in US, the reliability of S2EBPR 272 facilities meeting a 0.5, 1 or 2 mg P/L secondary effluent phosphate goal, was statistically higher 273 than conventional EBPR. Moreover, the ratio between the 90 th and 50 th percentile (90%/50%) 274 effluent P levels, which indicates the range of effluent P concentration variance, was much 275 greater among the conventional EBPR facilities (ranged from 2 to 24, with average of 11.5) than 276 those of S2EBPR (range of 1.34 to 3.43 and average of 2.75), indicating that performances at 277 S2EBPR facilities tend to be more stable, and less variable. Note that due to the variations in the 278 influent characteristics, operation conditions and permit goals among these plants, this 279 comparison maybe biased. Nevertheless, the data provide a statistical and observational 280 comparison of the S2EBPR and conventional EBPR full scale operating facilities. 281
Similar results were obtained at the full-scale pilot study at Rock Creek Facility, where two 282 independent treatment trains were operated in S2EBPR and conventional EBPR configurations 283 (Maher, et al. 2017) . 284
Reliability and variability in performance of EBPR facilities has often been associated with 285 secondary influent BOD/P ratio. The correlation of BOD/P ratio and secondary effluent orthoP 286 concentrations was statistically analyzed, and no significant correlation was found among the 287 S2EBPR facilities. 288
EBPR rates, kinetics and associated functionally relevant populations 289
Phosphorus removal rates and stoichiometry for the four S2EBPR plants were investigated using 290 phosphorus release and uptake testing with acetate addition and compared to conventional EBPR 291 (Table 4) facilities (Mielczarek et al. 2013 ). The ratios between the phosphorus release rate and uptake rate 295 averaged 3.6 (ranging from 2.4 to 4.3) and are within the range observed at conventional EBPR 296 facilities. Note that there is evidence that S2EBPR processes likely enrich for PAOs that utilize 297 more complex carbons sources generated from sludge fermentation, which the acetate-based 298 phosphorus release and uptake tests may not capture. 299
The P-release/HAc uptake (P/HAc) ratio is influenced by many factors, such as the pH and 300 carbon source, and it has been often used as indicator of the relative PAO and GAO activities 301 and abundance (Saunders et al. 2003; Schuler and Jenkins, 2003) . It has been found to correlate 302 well with the relative abundance of Accumulibacter in EBPR sludge (Oehmen et al, 2007) . The 303 P-release/HAc uptake ratios varied among facilities ranging from 0.14 mol P/mol C to 0.54 mol 304 P/mol C, which agree with those reported for EBPR systems (0.01-0.93 mol P/mol C) as 305 summarized in the study by Schuler and Jenkins (2003) . The theoretical P/HAc was suggested to 306 be 0.5-0.75 mol P/mol C based on acetate-fed lab-scale systems (Table S1 ). All samples, except 307
Cedar Creek, exhibited lower P/HAc ratios than the theoretical stoichiometry suggested, 308 especially the Henderson facility. Cedar Creek exhibited the highest value of P/HAc ratio close 309 to the theoretical value for acetate-fed EBPR at a similar pH of 6.5 -7 (Smolders et al. 1994a ) 310 (Table S1 ), suggesting relatively low GAO to PAO abundance ratio. The lower P/HAc ratios in 311 S2EBPR facilities could due to (1) the presence of GAOs that are able to assimilate acetate 312 anaerobically but without polyP transformation and/or (2) presence of PAOs with different 313 metabolisms such as fermenting PAOs which do not use acetate to cycle polyP and hence might 314 not perform EBPR metabolism under the conditions in the acetate-fed uptake release test. Note 315 that theoretical values derived from acetate-fed systems may not be true for propionate-fed 316 systems that exhibited lower theoretical value of 0.35-0.42 (Oehmen et al. 2006) . 317
Anaerobic stage Glyc/HAc ratio provides insights in the extent of utilization of glycolysis 318 pathway versus TCA cycle for the anaerobic metabolism. GAOs rely on glycogen as their sole 319 energy source via glycolysis pathway and they exhibit higher Glyc/HAc ratios than PAOs with a 320 value of 0.7 and 1.1 for GAO propionate or acetate model, respectively (Table S1 ). A Glyc/HAc 321 ratio indictive of involvement of glycolysis activity for PAOs was reported to be 0.3 and 0.5 for 322 PAO propionate or acetate model, respectively (Table S1) , while a Glyc/HAc ratio close to zero 323 would indicate absence of glycolysis and predominant reliance on the TCA cycle. The Glyc/HAc 324 ratios ranged from 0.15 to 0.45 mol C/mol C for the four S2EBPR plants, suggesting glycolysis 325 activity for PAOs and presence of GAOs, and they are consistent with results obtained for other 326 S2EBPR facilities (Lanham et al. 2013a ). The highest Glyc/HAc ratio was observed at the 327 Henderson facility. 328
The anaerobic PHA/HAc ratios for all the plants ranged from 0.61 to 0.8 molC/molC, which 329 were lower than theoretical values predicted from various models, as often observed in full-sale 330 EBPR facilities (Table 4 , Tables S1). This could be partly attributed to the involvement of other 331 PAOs (i.e. Tetrasphaera) and other heterotrophic bacteria that may utilize or take up acetate 332 without storing it as PHA. Although its role in EBPR is yet unknown, Tetrasphaera-PAOs are 333 able to take up acetate and other substrates in the anaerobic period without forming PHA as a 334 storage compound (Nguyen et al, 2011) , which can contribute to the lower PHA/HAc ratio 335 observed. 336
The aerobic yields (P/PHA and Glyc/PHA), are also reported in Error! Reference source not 337 found.4. The P/PHA ratios for Westside Regional and Cedar Creek were higher than the PAO 338 model prediction. Lanham et al. (2013a) observed similar results in Danish S2EBPR facilities. 339
The results for the Henderson Facility however showed a lower value than predicted by the PAO 340 model, which along with the higher anaerobic Glyc/HAc ratios would suggest a higher relative 341 abundance of GAOs in this facility. 342
Functionally relevant microbial populations 343
Functionally relevant key populations in the mixed liquor samples were examined using 16S 344 rRNA-based FISH probes targeting known and putative PAOs and GAOs. DAPI staining was 345 also applied to observe the presence and relative abundance of total PAOs. In addition, mixed 346 liquor samples were analyzed for determination of internal storage polymers using Raman 347 microspectroscopy, which allows for the quantification of total PAO and GAO abundance. 348 Table 5 summarizes Among the S2EBPR facilities studied, the Henderson facility has the highest abundance of 383 GAOs and it showed most variability in performance, as indicated by the higher ratio between 384 the 90 th percentile and the median (Table 3) The mean relative 16S rRNA gene abundance of Accumulibacter was slightly higher in 449 conventional EBPR system (1.41 ± 0.06 %) compared to S2EBPR systems (0.54 ± 0.06 %). 450
Other candidate PAOs were also found at higher relative abundances in conventional EBPR 451 systems compared to S2EBPR systems except for Tetrasphaera which was found at similar 452 median abundances. 453
16S rRNA sequencing analysis also led to the identification of four known GAOs, including Ca. 454
Competibacter, Ca. Contendobacter, Defluviicoccus spp. and Propionivibrio (Figure 9Error Literature review of previous studies on S2EBPR facilities currently operating in Europe 471 and the US showed various implementation configurations and varying operation parameters. 472
The most widely implemented S2EBPR configuration is SSR, where 5-30% of RAS is diverted 473 to a side-stream reactor with an HRT of 12-48 hours. 474
2.
Survey of four S2EBPR in US, representing four variations of S2EBPR configurations, 475 was performed with three years of performance data. S2EBPR plants seemed to perform better 476 with slightly higher stability. It is noted that the comparison may be biased due to great variation 477 in the plant-specific factors such as influent characteristics, effluent permit and operation goals 478 etc. 479
3.
The EBPR activities, rates, kinetic and stoichiometry among the four S2EBPRs surveyed 480
were consistent with previous studies on S2EBPR and were within the range of values observed 481 at conventional EBPR facilities. The range of rates, stoichiometric ratios and the varying extent 
5.
Tetrasphaera, a candidate PAO, was found at a higher relative abundance than other 494 PAOs using both FISH and amplicon sequencing. The role in EBPR and the diversity and 495 function of various Tetrasphaera spp. found in activated sludge is still unknown and warrants 496 investigation. 497
6.
Total and known GAO abundances and identities were evaluated using Raman 498 microspectroscopy, FISH, and 16S rRNA gene sequencings. The relative abundance of known 499
GAOs identified by FISH and 16S rRNA sequencing was lower in S2EBPR than those typically 500 seen at conventional EBPRs. However, total GAO identified by trait-based Raman method 501 detecting the presence of cell with intracellular glycogen polymer seem to indicate the presence 502 of other GAOs, as suggested by the P/HAc ratios. The presence and identities of other GAOs in 503 S2EBPR needs further investigation. 504 7.
16S rRNA gene sequencing allowed comparison of community structure fingerprints and 505 community diversity. Shannon and Inverse Simpson indices, which are combined measures of 506 richness and evenness evaluation of the microbial communities, suggested that the microbial 507 diversity in S2EBPR plants were higher than those in conventional EBPRs. The underlying 508 mechanisms and ecological selection forces in the S2EBPR systems that lead to higher 509 community diversity holds the key to better understanding of improved performance with 510 S2EBPR systems and warrants further study. The influence of DNA extraction and primer choice on phylogenetic analysis of activated 523 sludge communities. PLoS One 10, e0132783. orange; Tet3-654 in red; EUB mix in green); WR1: Westside Regional Accumulibacter (mix of PAO462b,
